Data from a global ocean general circulation model (OCCAM) has been used to investigate the interocean exchange of thermocline and intermediate waters in the South Atlantic Ocean. To resolve the pathways between different ocean basins a Lagrangian particle following technique has been used. The results have been compared with various inverse models and observational studies addressing the interocean exchange in the South Atlantic Ocean. To facilitate the comparison, section-integrated transports in the same density classes and at the same locations as used in the observational studies have been calculated for OCCAM. The flow toward the North Atlantic excluding the Antarctic Bottom Water, is made up for more than 50% of thermocline water. The exact ratio of thermocline to intermediate transport depends on the definition of the water masses. Transport of intermediate water plays a less important role. More than 90% of the flow toward the North Atlantic originates from the Indian Ocean via leakage from the Agulhas Current system. Agulhas leakage into the South Atlantic occurs to 2000-m depth, but transport below 1200 m recirculates within the subtropical gyre and flows back into the Indian Ocean. Several observational studies have indicated a dominant role in the transport toward the North Atlantic for intermediate water or for the direct inflow from Drake Passage. The section-averaged water mass transports in OCCAM are largely in agreement with these observational estimates. Also in OCCAM, the section-integrated transports suggest a minor contribution from Agulhas leakage to the upper branch of interocean exchange in the South Atlantic, in apparent contradiction with the Lagrangian path that was calculated explicitly. The reason for this discrepancy is that at the eastern side of the South Atlantic the net mass flux consists of opposing, and in the thermocline layer nearly compensating, east-and westward flows. In the thermocline layer, part of the westward flow connects with the cross-equatorial flow in the Atlantic, while the eastward flow is partly derived from upwelled intermediate and thermocline water that originates from Drake Passage. The detailed Lagrangian analysis suggests that it is arguable to draw conclusions about the flow pathways from integrated mass fluxes across ocean sections, especially when these contain opposing flows in the same density classes.
Introduction
The thermohaline circulation (THC) is a global circulation pattern that connects the flow in the upper layers of the ocean to the flow in the deeper layers. This connection is brought about by convection at high latitudes and slow upwelling elsewhere. Due to the THC, the South Atlantic shows an equatorward heat transport. Thermocline and intermediate waters are transported northward (the upper branch of the THC), North Atlantic Deep Water (NADW) flows southward (the lower branch of the THC), while Antarctic Bottom Water flows northward again. We define the upper branch of the THC in the South Atlantic as the flow within density layers that are lighter than 1 ϭ 32.16 kg m Ϫ3 from the Indian and Pacific Oceans toward the North Atlantic. The main currents in the South Atlantic Ocean are shown in Fig. 1 . The upper branch of the THC in the South Atlantic is supplied by two different pathways. Warm and salty thermocline water enters the South Atlantic via Agulhas leakage (Gordon 1986) , known as the warm water route. Cold and fresh intermediate water enters the South Atlantic via Drake Passage (Rintoul 1991) , known as the cold water route. Due to their contrasting properties the ratio of contributions of the warm and cold routes is closely coupled to the heat and freshwater fluxes in the South Atlantic (Gordon 1997) , and subsequently has a strong impact on the heat and freshwater budget of the whole Atlantic. These routes are not mutually exclusive; neither need their relative contributions be constant in time. It is still not clear which of these two routes is on average the most important (Gordon 1997) . Gordon (1986) used the heat and mass fluxes across 30ЊS in the South Atlantic to estimate the temperature of the supply of water from the Indian and Pacific Oceans. He concluded that the warm water route accounted for at least 80% of the South Atlantic upper branch of the THC. Rintoul (1991) used an inverse mod- el of the South Atlantic and concluded that the cold water route was the most important source for the South Atlantic upper branch. Intermediate water from Drake Passage was warmed while it crossed the Atlantic sector of the Southern Ocean. This warmed intermediate water directly flowed into the South Atlantic due to the northward Ekman transport. At 32.5ЊS the South Atlantic mainly transported water in the thermocline layer northward. The model showed an unrealistic circulation when a net Agulhas inflow was prescribed. Gordon et al. (1992) used chlorofluoromethane (CFM) ratios to conclude that the input to the Benguela Current, which is thought to carry the northward flowing upper branch of the THC, consisted for 50%-65% of Agulhas leakage from the Indian Ocean and for 35%-50% of water recirculating in the South Atlantic subtropical gyre. Thermocline water was partially converted to intermediate water in the South Atlantic subtropical gyre. They concluded that the South Atlantic mainly contributed intermediate water to the North Atlantic. The direct inflow of intermediate water from Drake Passage did not play an important role, but could contribute to the South Atlantic upper branch of the THC, after recirculating in the southwest Indian Ocean subgyre and flowing back into the South Atlantic via Agulhas leakage.
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In the following years a number of inverse model studies were performed with a global hydrographic dataset (Macdonald and Wunsch 1996; Ganachaud 2000; Sloyan and Rintoul 2001a) . All studies were based on the inverse model of Wunsch (1978) . Macdonald and Wunsch (1996) found that the South Atlantic upper branch of the THC was supplied by both the cold and warm water routes, which suggested that both routes were important. However, the uncertainties were large and both routes could be dominant at different times. In an extension of that study, Macdonald (1998) showed that the South Atlantic mainly contributed thermocline water to the North Atlantic. Drake Passage was thought to be the most consistent source for the South Atlantic upper branch of the THC. The intermittency of Agulhas leakage posed a problem to quantify the flow from the Indian to the South Atlantic Ocean via the warm water route. Ganachaud (2000) used data from the World Ocean Circulation Experiment (WOCE) and found an equipartition between intermediate and thermocline water in the South Atlantic upper branch of the THC. Because of the enhanced eddy field in the Benguela region he did not attempt to distinguish the sources of the South Atlantic upper branch of the THC. Sloyan and Rintoul (2001a) added air-sea fluxes to the original inverse model (Wunsch 1978) . They found that the major source of the South Atlantic upper branch of the THC was intermediate water coming directly from Drake Passage. A minor amount of intermediate water from Drake Passage made a sojourn in the southwest Indian Ocean and contributed to the THC via Agulhas leakage, similar to the indirect route proposed by Gordon et al. (1992) Various general circulation models have been used to analyze the South Atlantic upper branch of the THC. In general, models with a higher resolution show a larger Agulhas leakage. The estimates of Agulhas leakage in global ocean circulation models range therefore from no Agulhas leakage (Drijfhout et al. 1996) to a significant leakage of 9 Sv (Sv ϵ 10 6 m 3 s Ϫ1 ) thermocline water (Thompson et al. 1997) .
Here, we use the high-resolution model from the Ocean Circulation and Climate Advanced Modelling project (Webb et al. 1997) , hereafter referred to as OC-CAM, to analyze the upper branch of the THC in the South Atlantic Ocean. The object is to make a detailed comparison between a Lagrangian description of the South Atlantic upper branch of the THC in OCCAM and the circulation inferred from various observational studies. In particular, we address whether similar box model calculations, as performed in the observational studies, would lead to different conclusions than offered by the Lagrangian description and to what extent the box model transports in OCCAM differ from observational estimates.
OCCAM shows a dominant role for inflow from the Indian Ocean and mainly contributes thermocline water to the North Atlantic (Drijfhout et al. 2003) . Most observational studies show an important role for intermediate water and direct flow from Drake Passage. In particular, we want to assess whether the discrepancies can be explained by 1) invalid assumptions to infer the circulation from section-integrated transports in boxmodels, the sparse observational datasets, and the use of inconsistent combinations of datasets or large variability or 2) deficiencies in the general circulation model that cause the model to drift away from the observed circulation.
Also, it is clear from the conflicting conclusions that were drawn from the various inverse model studies that simply equating the warm water route with inflow of thermocline water and the cold water route with inflow of intermediate water is not justified. The water from Drake Passage that spills northward to feed the upper branch of the THC is dominated by intermediate waters with a Southern Hemispheric subpolar origin. Such waters have been found to flow northward in the South Atlantic, mainly in between the thermocline waters and the southward flowing NADW (Stramma and England 1999) , but it is unclear whether this circulation is part of the upper branch of the THC. Also, it is unclear to what extent the intermediate waters from Drake Passage that do take part in the upper branch of the THC keep their characteristics or are transformed into lighter density classes along their way. On the other hand, Agulhas leakage is dominated by warm water with a subtropical origin from the south Indian Ocean (Garzoli and Gordon 1996) , and when it flows into the South Atlantic this water would mainly be found in the thermocline layers.
However, many Agulhas rings in the South Atlantic are subject to winter cooling and part of the thermocline water may be transformed into denser, intermediate water. Also, a significant part of the Agulhas rings consists of intermediate water that may even have its origin in the Pacific Ocean, entering the Indian-Atlantic basin through Drake Passage. Intermediate water from the Indian Ocean has been found to spread in the South Atlantic (Boebel et al. 2003) , but because the circulation at deeper depth is weaker, intermediate water may easily become detached from the propagating cyclones and anticyclones that are spawned from the Agulhas Current system and may take another route in the South Atlantic than the thermocline water contained within these vortices. In short, a Lagrangian description of the interocean exchange in the South Atlantic is incomplete without an examination of the water masses involved and the inherent watermass transformations in the South Atlantic basin.
The Lagrangian analysis of the model data is performed with a method introduced by Döös (1995) and Blanke and Raynaud (1997) . We quantify the pathways followed by different water masses and diagnose their conversions along the pathway with the offline calculation of large amounts of Lagrangian trajectories. With this method it is possible to discriminate between direct routes and recirculations. Also, the role of eddies can be included. This paper is structured as follows. In the second section we briefly introduce the model and the Lagrangian trajectory analysis method. In section 3 we analyze the South Atlantic upper branch in OCCAM with the Lagrangian method. In the fourth section we compare the relevant box model transports in OCCAM to the results from various observational studies. In section 5 we discuss the discrepancies between model and observations and the difference between the circulation inferred from Lagrangian trajectories and section-integrated box-model transports in OCCAM. In section 6 we present the conclusions.
Method

a. OCCAM
We analyze data from the high-resolution global ocean model OCCAM (Webb et al. 1997) . The model uses an Arakawa-B grid and has an eddy-permitting resolution of ¼Њ ϫ ¼Њ. The model has a free surface and 36 vertical levels at fixed depths with 16 layers in the upper kilometer. A Laplacian horizontal diffusion and friction is used. The horizontal diffusion coefficient for tracers is 100 m 2 s Ϫ1 and for the velocity the horizontal viscosity coefficient is 200 m 2 s Ϫ1 . The Pacanowski and Philander (1981) scheme is used for the vertical mixing of tracers. Away from regions with strong shears this gives diffusivities of 0.5 cm 2 s Ϫ1 . A Laplacian vertical mixing is applied to the velocity fields VOLUME 34
with a diffusion coefficient of 1 cm 2 s Ϫ1 . The surface heat flux consists of relaxation of the surface layer to monthly mean sea surface temperatures (Levitus and Boyer 1994 ) with a time scale of 30 days. In a similar way, the freshwater flux is derived from relaxation of sea surface salinity to the monthly mean climatology of Levitus et al. (1994) . The model is initialized with temperature and salinity from the Levitus datasets. The model has been run for 12 years, with a spin up of 9 years with monthly mean winds and wind stresses from the European Centre for Medium-Range Weather Forecasts (ECMWF; Gibson et al. 1997 ). In the last 3 years six-hourly ECMWF winds and wind stresses have been used.
Recent studies (Roberts and Marshall 1998; Griffies et al. 2000) have shown that, in high-resolution z-coordinate models, the advection scheme and the explicit diffusion used to parameterize subgrid-scale processes may drive unrealistically high rates of diapycnal mixing. This effect has been diagnosed for OCCAM by Lee et al. (2001) . They concluded that the impact of spurious diapycnal diffusion is the main cause for model drift and that errors in the surface buoyancy forcing plays a lesser role. They concluded that deep-and bottom-water drift away from the Levitus climatology, due to the unrealistic diapycnal mixing, but that the THC still looks plausible. In particular, deep-water formation in the North Atlantic rapidly declines and the overturning suggests deep-water formation at subtropical latitudes. Farther away from the North Atlantic deep-water formation sites, that is, south of the Atlantic equator and in the other ocean basins, the THC is much less affected by drift.
b. Lagrangian trajectories
The Lagrangian trajectory analysis developed by Döös (1995) and Blanke and Raynaud (1997) is used to track water masses to their destinations or origins. This technique calculates the three-dimensional path of a water particle offline from the model data. A very efficient implementation of the algorithm enables us to calculate large quantities of trajectories. The method therefore quantifies the importance of different routes taken by the various water masses. The Lagrangian trajectory analysis calculates the advective path of a particle. Diffusion only acts on the properties of the particles, but has no influence on their path.
First, the sections are defined where the trajectory starts and stops. The number of trajectories that starts at the sidewall of a grid box is proportional to the transport through that sidewall. The starting positions of the particles are equally distributed over the sidewall, and the path of each particle can be calculated. Every particle trajectory is a well-defined streamfunction and different trajectories can be added together. With this method particles can be followed forward as well as backward in time. The trajectory stops if one of the predefined end sections has been reached.
The path followed by the particle within one grid box can be calculated as follows. The velocity through each sidewall of a grid box is known. Within the grid box the velocity component is assumed to change only linearly in the direction of the velocity component for example, u(x) and w(z). With this condition the location of the particle can be calculated independently for all three directions, giving x(t) and z(t). This is used to calculate the new three-dimensional position of the particle when it leaves the grid box. This is repeated in every grid box.
This method requires the data to be defined on an Arakawa C grid. Since OCCAM uses a B grid, the data have been regridded. The horizontal velocity points in the C grid have been averaged over the two nearest points in the B grid. Vertical velocities have been calculated with the continuity equation.
In all calculations with the Lagrangian technique we used particles that are associated with a transport of 0.01 Sv. The error of the calculation was estimated by comparing two runs, where we used 10 times as many particles for the second run, each particle carrying now 0.001 Sv. A second check involved the comparison of tracing particles forward and backward between the same two sections. From both comparisons it follows that the error of the Lagrangian technique is less than 0.2 Sv for a total transport of 15 Sv, or approximately 1% of the transport estimates.
c. Bolus transport
Water masses are transported mainly along isopycnals. This implies that to, properly describe the Lagrangian flow of water masses, transports should be analyzed along isopycnal surfaces within isopycnal layers. An isopycnal layer is defined as a layer between two isopycnal surfaces. As the thickness of isopycnal layers is subject to temporal variability, it is important to take into account the correlation of velocity and thickness fluctuations, which defines the ''bolus transport.'' Time averages are usually taken over several annual cycles giving annual mean data. In the present study a model climatology constructed from 219 archived 5-day averages was used, comprising three annual cycles. One mostly considers mean transports that are defined on constant z levels, neglecting the bolus velocity. The mean transport (z) is then defined by U U(z) ϭ u(z)⌬z⌬x,
where the bar denotes the time-averaging procedure, z is the cartesian vertical coordinate, ⌬x and ⌬z are the horizontal and vertical extent of the grid box, and u(z) ϭ (u, ). To include the effect of the bolus transport the 5-day averaged velocities have been transformed from a depth coordinate z to a density coordinate . From the 219 fields the time-averaged isopycnal mass trans-
port was established. The time-mean mass transport within one density layer can be written as
with u() the velocity and h() the thickness of the isopycnal layer. The primes denote departure from the time average; that is, uЈ() ϭ u() Ϫ (), Ј() ϭ u u 0, and () ϭ [ (), ()]. The first term on the rightu u hand side is equal to Eq. (1), only now defined on a coordinate. This is the transport by the annual mean flow. The second term represents the bolus transport. The bolus transport is not only due to explicit eddies (e.g., Agulhas rings), but due to all time variability between 5 days and 3 years that induces extra isopycnal transports. This also includes seasonal variations. The bolus velocity does not influence the total, vertically integrated transport, but is merely a vertical redistribution of the fluxes. A more elaborate explanation of the bolus velocity can be found in Marshall (1997) and Hazeleger et al. (2003) . For more quantitative details on the calculation of the bolus transport we refer to the latter study. Last, the isopycnal mass transports are transformed back to z coordinates, yielding the annual mean and bolus velocities.
In our study two datasets have been used. In the Lagrangian trajectory analysis we used the annual mean dataset with bolus transports included. In the comparison to other inverse model studies we used the annual mean dataset without bolus transports. Both datasets include data of 3 model years. The importance of the bolus velocity for our analysis is discussed in section 5c.
d. Transport estimates and errors
In the previous sections we have discussed in detail the ocean model, the Lagrangian trajectory method, and the handling of the dataset. We will now shortly revisit the most important details for the following sections.
The Lagrangian trajectory method calculates the advective path of water masses from an annual-mean dataset including the bolus transport. Every particle is associated with a fixed transport. Particle trajectories between different sections can be summed to form a welldefined streamfunction. The diapycnal transports of different water masses are determined from the number of particles that cross a certain isopycnal.
In the comparison of the OCCAM model to individual inverse models we use the same definitions for the isopycnal layers and the same locations of the hydrographic sections. We used the annual-mean dataset without the bolus velocity because the bolus transport is not considered in the inverse models. The diapycnal transports in the area enclosed by hydrographic sections are calculated from the divergence of the isopycnal mass fluxes across the hydrographic sections.
We also calculated the standard deviation of the mass fluxes across the different hydrographic sections. The inverse models exclude the highly variable Ekman transport. In the calculation of the variability of the OCCAM model we therefore excluded the Ekman layer, which we defined as the top 25 m. The Ekman transport is mainly compensated by barotropic waves (Ganachaud 2000) . Barotropic waves take approximately 17 days to cross the South Atlantic. To remove the effects due to these barotropic waves, we averaged over a period of 20 days.
To decide whether there is a significant deviation between OCCAM and the inverse models, we used the criterion that the difference should be larger than two standard deviations. This enables us to discriminate if the differences between OCCAM and inverse models are caused by baroclinic variability or by something else.
It has already been shown that the OCCAM model shows a large drift (Lee et al. 2001) . In section 5d, we estimate the impact of drift on the horizontal mass fluxes. We analyzed time series of 219 5-day average mass transports and show that a linear trend in these time series is not statistically significant.
Lagrangian analysis of interocean exchange in OCCAM a. Upper branch of the cross-equatorial return flow of the THC
We calculated the sources of the South Atlantic upper branch of the THC in OCCAM with the trajectory method discussed above. All particles that cross the Atlantic equator in a northward direction and are lighter than 1 ϭ 32.16 kg m Ϫ3 were traced backward in time. This comprises particles with a density lighter than that of the NADW. The trajectory ends when it arrives at 20ЊE, Drake Passage (70ЊW), or when it curves back to the Atlantic equator. The streamfunction of particles that leave the South Atlantic toward the North Atlantic can be seen in Fig. 2 . The strength of the upper branch is 16.3 Sv of which 15.4 Sv originates from the Indian Ocean and 0.9 Sv from Drake Passage. Less than 2 Sv recirculates in the South Atlantic subtropical gyre before flowing equatorward.
More than 90% of the flow toward the North Atlantic originates from the Indian Ocean. To obtain a more complete picture of the inflow of the South Atlantic Ocean, we therefore looked at the vertical structure of the Agulhas leakage at 20ЊE. To this end, trajectories have been traced forward in time starting at 20ЊE. Agulhas leakage from the Indian to the Atlantic Ocean as a function of depth and density can be seen in Fig. 3 . The figure divides the transport into water that is part of the upper branch of the THC (solid line) and water that recirculates in the South Atlantic subtropical gyre and returns to the Indian Ocean (dashed line). To ensure that VOLUME 34 we only included particles that either recirculated in the South Atlantic subtropical gyre or took part in the crossequatorial transport, we only included particles that crossed 20ЊW. This procedure removes the Agulhas Current transport that directly enters the Agulhas Return Current. From the Indian Ocean 22.2 Sv leaks into the South Atlantic subtropical gyre, of which 15.5 Sv is transported to the equator; 6.7 Sv recirculates in the South Atlantic subtropical gyre and flows back to the Indian Ocean. The vertical distribution of Agulhas leakage shows that the upper branch of the THC is concentrated in the upper 1200 m. Recirculation of Indian Ocean water in the South Atlantic subtropical gyre takes place in the upper 100 m and between 1000 and 2000 m. In Fig.  3b , transport as a function of potential density , with vertical axes for reference levels at the surface ( 0 ) and at 1000-m depth ( 1 ), and neutral density ␥ n is plotted. Very light water masses ( 0 Ͻ 25.5 kg m Ϫ3 , or warmer than 18ЊC) are equally divided between a recirculation that flows back into the Indian Ocean and transport toward the Atlantic equator. Cold water masses ( 0 Ͼ 27.4 kg m Ϫ3 , or colder than 5ЊC) are mostly recirculated back into the Indian Ocean. The water masses between 0 25.5 and 27 are virtually all transported toward the equator.
To simplify the analysis of the upper branch in the South Atlantic, we define some isopycnal layers. On the basis of Fig. 3b Fig. 4a . As in Fig. 2 , we backtraced particles from the Atlantic equator. Note that the transports are only a subset of the total transport across a section.
A minor amount, 0.8 Sv of thermocline water, transforms into intermediate water in the South Atlantic Ocean. This mainly takes place north of 30ЊS in the South Equatorial Current and along the western boundary. We approximate the area-averaged advection-diffusion balance by
where for simplicity the effects of horizontal advection and cabbeling are neglected. OCCAM uses the Pacanowski and Philander (1981) scheme for the vertical diffusivity; this implies that Ͼ 0 and for the region of interest with nowhere significant increase of shear with depth z ഠ 0. This implies that no balance between vertical advection and diffusion can arise as w* Ͼ 0 and zz Ͻ 0. To balance the downwelling t ഠ w* z , which implies drift. It is remarkable that the water flowing from Drake Passage to the equator is mostly very light water in the thermocline layer. Apparently, in the Atlantic sector only the lightest water masses are sufficiently affected by the Ekman transport to escape the Antarctic Circumpolar Current (ACC) to the north.
b. Interocean exchange in the South Atlantic
There is a large exchange of water between the South Atlantic and Indian Oceans. To obtain a complete picture of the South Atlantic interocean exchange of thermocline and intermediate waters we also analyzed the flow leaving the South Atlantic ocean at 20ЊE. The transports are shown in Fig. 4b . Of the 48.6 Sv of water in the thermocline layer that leaves the Atlantic sector at 20ЊE, 5.2 Sv upwells from the intermediate layer in the South Atlantic. This upwelling occurs in a zone around 45ЊS along the path of the ACC (not shown). All of this upwelled water originates from Drake Passage. Figure 4c is the sum of the Figs. 4a and 4b and represents all the interocean exchange above the NADW in the South Atlantic. The Lagrangian picture of the interocean exchange and the different pathways is not evident from this figure. The sum of the mass fluxes at 20ЊE in the thermocline layer gives a total net mass flux of 0.1 Sv from the Indian Ocean into the Atlantic Ocean. So, while OCCAM shows a large contribution from the warm water route, no significant net influx of thermocline water across 20ЊE is necessary for this to occur. Similary as was hypothesized in Rintoul (1991) There is a decrease of 5.7 Sv in the Atlantic sector, but only 0.9 Sv of the inflowing water at Drake Passage contributes to the upper branch of the THC. The reason for this discrepancy is that across 20ЊE the eastward outflow is largely compensated by a westward inflow.
Comparisons with other studies
The previous section described the interocean exchange in the South Atlantic from a Lagrangian perspective. Here we review various observational studies VOLUME 34 and compare the results with OCCAM. To facilitate the comparison, section-integrated transports in the same density classes and boxes as used in the observational studies have been calculated for OCCAM. As the observational studies use Eulerian measurements, we use the annual-mean dataset without the bolus transport for this comparison. The influence of the bolus transport is further discussed in section 5c. We note that comparing synoptic sections with yearly averaged model velocities is not strictly valid, even though it is an underlying assumption of box-inverse models that sections are representative of the mean. It seems, however, the best way of comparing the model to the observations. The transport estimates of local current fields in inverse models are very uncertain due to high baroclinic variability (Macdonald 1998; Ganachaud 2000) . However, because the net mass transports across hydrographic sections are more constrained, their estimates are less uncertain. Therefore, we only used the net transports of water masses across hydrographic sections for this comparison.
The diapycnal transports in most inverse models are not determined from observational data, but are calculated by the model. In layers below the surface, the diapycnal transport is limited by the maximum diapycnal diffusivity defined for the inverse model. In layers that reach the surface, diapycnal transports can be larger due to air-sea interaction. The inverse model by Sloyan and Rintoul (2001b) uses a novel approach by explicitly calculating these surface water mass transformations from air-sea fluxes of heat, freshwater, and momentum.
To assess the impact of variability in OCCAM we calculated the standard deviation of the mass fluxes. To prevent cluttered figures, we only added the standard deviation to Fig. 7b . The variability is representative for the other comparisons. Whenever the difference between the inverse models and OCCAM is larger than two standard deviations, we discuss the deviations in more detail.
We first discuss the comparison with different inverse model studies in sections 4a-d. The last section compares OCCAM to the observational study of Gordon et al. (1992) . The effects of the bolus term and drift on the section-integrated transports are further discussed in sections 5c and 5d.
a. Rintoul's (1991) inverse model Rintoul (1991) used an inverse model in the South Atlantic Ocean and concluded that most of the upper branch of the THC consisted of intermediate water coming from Drake Passage. This water gained buoyancy through air-sea interactions. The South Atlantic Ocean between 30Њ and 60ЊS is a region of net heat gain (NCEP reanalysis, see Kalnay et al. 1996) . This region of heat gain coincides with the maximum of westerly wind stress, which drives an equatorward Ekman flow. This divergent Ekman flow causes upwelling of cooler water. Ϫ3 . The inverse model and OCCAM show a large qualitative resemblance. Both models agree within two standard deviations at 32.5ЊS (not shown). In OCCAM the South Atlantic upper branch of the THC at 32.5ЊS is 35% stronger than that in Rintoul (1991) , but the thermocline layer transport is in both cases the dominant upper-branch contribution. The thermocline-to-intermediate-layer transport ratio is in both cases almost equal, 1.6 for Rintoul (1991) and 1.7 for OCCAM. Both models show a small net transport of the thermocline layer south of Africa. While Rintoul (1991) shows a small eastward flow, OCCAM shows a small westward flow. The strength of the ACC in OCCAM is consistently overestimated, although a decrease of 10 Sv eastward transport of intermediate water in the ACC can be seen in both models. Rintoul assumed this water to leave the box at 32.5ЊS. Both Figs. 5b and 4c suggest that a similar circulation occurs in OCCAM. However, the Lagrangian analysis in section 3 showed that, at least in OCCAM, the sources of the cross-equatorial flow inferred from these section-integrated mass fluxes are am b. Macdonald's (1998) inverse model Macdonald and Wunsch (1996) for the first time performed a consistent, quantitative study of the global ocean circulation with an inverse model and a global dataset of hydrographic sections. A comprehensive study of the model (Macdonald 1998) suggested that the cold water route should be the most consistent source of the South Atlantic upper branch of the THC. The importance of the warm water route in that inverse model was much more uncertain because of its intermittent character, but it might be an important, or even at times dominant, source for the South Atlantic upper branch.
The lower bound of the intermediate layer is at the isopycnal 1 ϭ 32.0 kg m Ϫ3 . In comparison with the isopycnal used in the previous section, the changed lower bound has a negligible impact on the total transport of intermediate water in the upper branch of the THC in OCCAM. Macdonald (1998) shows a strong upper branch of 23 Sv at 11ЊS, while the upper branch is 13 Sv at 23ЊS (Fig. 6a) . Macdonald finds at all latitudes in the South Atlantic a dominant thermocline layer flow. OCCAM shows comparable transports at 23ЊS, but the increase of the strength of the upper branch at 11ЊS is absent (Fig. 6b) . Although the differences are large, the transports at 11Њ and 23ЊS agree within two standard deviations.
The upwelling of 10 Sv of deep to intermediate water between 11Њ and 23ЊS differs substantially from OC- Macdonald (1998) to transports calculated at the same sections in OCCAM. Diapycnal mass fluxes as in Fig. 4 (all mass fluxes are in Sverdrups): (a) Macdonald (1998) and (b) OCCAM.
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CAM. Since the deep layer does not surface in this area, this must be provided by internal mixing. We calculated the diapycnal diffusivity needed to provide this diapycnal flux. The interface between deep and intermediate water is in between 800 and 1100 m here. The upwelling has either to be balanced by z z or zz [see Eq. (3)]. Below the pycnocline but well above the topography z is not significantly different from zero (Polzin et al. 1997; Toole et al. 1994) . If zz provides for the diapycnal flux of 10 Sv, the average would be 4 cm 2 s Ϫ1 . Although some measurements do show values up to 30 cm 2 s Ϫ1 locally (Kunze and Toole 1997) , such high values are only found within a few hundred meters above rough bottom topography. In the interior ocean is much less than 1 cm 2 s Ϫ1 (Ledwell et al. 1998) . A diapycnal diffusivity of 4 cm 2 s Ϫ1 is neither supported by observations nor by theories of enhanced vertical mixing (Laurent et al. 2002) and therefore is probably unrealistically large.
In the inverse model, all northward flow at 30ЊS is concentrated at the northern section of the box that encloses the Benguela region. The strong eastward flow at the other sections enclosing the Benguela region box suggests that the flow from the western South Atlantic is the most important source for the northward flow. Although OCCAM does show some inflow of thermocline water from the Indian Ocean, most of the northward flow seems to be provided from the western South Atlantic as well. Here, also the section-integrated mass fluxes suggest a different circulation than is known to occur from the Lagrangian analysis.
The differences with the OCCAM model at the section at 30ЊS east of 0Њ (8.8 Sv and 6.1 Sv) are larger than two standard deviations (7.8 and 5.8 Sv, not shown). Because these sections stop in midocean, the variability is much larger than for a hydrographic section that crosses an ocean basin. Therefore we attribute the discrepancies partly to the small extent of the section. If the section is extended westward of 0Њ to the coast of South America, the integrated fluxes of the inverse model and OCCAM differ within two standard deviations.
Macdonald shows a strong upwelling of 12 Sv of intermediate to thermocline water in the Benguela region box. Because the intermediate layer surfaces in this region, the transformation could be caused by air-sea interaction. This large conversion, however, implies a mean surface heat flux of 141 W m Ϫ2 in that box. The net surface heat flux in the South Atlantic shows areas with a heat gain above 100 W m Ϫ2 (NCEP reanalysis), but the annual mean surface heat flux averaged over that area is 16 W m Ϫ2 with a strong seasonal cycle. The upwelling of 12 Sv of intermediate water in the Benguela region therefore seems unrealistic and in general the watermass transformations in the inverse model of Macdonald are very large. This makes the quantification of the cold and warm route in that model very uncertain.
c. Ganachaud's inverse model
Ganachaud (2000) used the global high-quality hydrographic data from the World Ocean Circulation Experiment to improve the estimates of the global circulation and heat fluxes. Ganachaud concluded that the vertical structure of the South Atlantic upper branch (in total 14-20 Sv) showed an equipartition between intermediate and thermocline flow. Because of the enhanced eddy field in the Benguela region he did not attempt to distinguish the sources of the South Atlantic upper branch of the THC.
Ganachaud used neutral surfaces (McDougall 1987; Jackett and McDougall 1997) to define isopycnal layer boundaries. We therefore also used neutral density to calculate layer transports in OCCAM. The lower inter- (2000) shows a dominant flow of thermocline water at 11Њ and 45ЊS, while at 30ЊS the intermediate water dominates (Fig. 7) . A strong formation of 11.5 Sv of intermediate water is needed between 30Њ and the WOCE A11 section at 45ЊS. OCCAM shows an almost equal partition in the South Atlantic north of 30ЊS and a dominant transport of intermediate water at 45ЊS. While Fig. 7b shows an equipartition between thermocline and intermediate water, in Fig. 6b thermocline water dominates; the relative importance of thermocline to intermediate water masses in composing the cross-equatorial NADW-return flow is therefore more a matter of layer definition rather than fundamental.
In contrast to the inverse models of Rintoul (1991) and Macdonald (1998) , Ganachaud shows a large net westward flow of thermocline water at 0Њ (5.9 Sv), even more than occurs in OCCAM (2.9 Sv). The model of Ganachaud is the first inverse model that suggests that the upper branch of the THC may have a significant contribution from the Indian Ocean. Nevertheless Ganachaud could not estimate the inflow from the Indian Ocean because of the enhanced eddy field.
To assess the effect of baroclinic variability we calculated the standard deviation of the mass fluxes in OC-CAM from 5-day averages. The numbers have been added to Fig. 7b . Most of the fluxes agree within one standard deviation with the inverse model estimates. Only the intermediate flow at Drake Passage and across WOCE A11 differs strongly between the two models. The discrepancy at Drake Passage is probably due to the too strong ACC in OCCAM. The large difference at WOCE A11 between OCCAM and Ganachaud's inverse model also occurs for other inverse models using the nearby SAVE leg 4, and will be discussed separately in section 5.
Also, for all isopycnals that do not reach the surface the variability of the diapycnal fluxes is very large: in the OCCAM model the standard deviation is larger than the mean value. This suggests that it may not be possible to derive area-averaged diapycnal mass fluxes from inverse models based on one-time hydrographic sections. Both the inverse model and the OCCAM model show some unrealistic features. There is 6.5 Sv upwelling of deep water between 30Њ and 45ЊS in the inverse model. At the depth of this isopycnal (900-1600 m) z is about zero (Polzin et al. 1997) , and the needed for this transformation would be 6 cm 2 s Ϫ1 , which seems unrealistically high for an isopycnal layer well above the rough topography. The downwelling of 2.6 Sv of intermediate water in OCCAM is also unrealistic because it cannot be balanced by the diffusive flux and is thus associated with drift (see section 5d).
In general, the transports in OCCAM across sections are similar to those in the inverse model solution from Ganachaud except at the WOCE A11 section. The section-integrated fluxes even seem to suggest that the cold water route plays a more important role in OCCAM than in Ganachaud's inverse model, although the Lagrangian analysis shows a marginal contribution of the cold water route to the South Atlantic upper branch of the THC in OCCAM. As Ganachaud (2000) also noted, in the inverse model the eddy field is too strong to determine the relative importance of both routes. Sloyan and Rintoul (2001a) used an inverse model to determine the ocean circulation of the Southern Hemisphere. They improved the inverse model of Wunsch (1978) with the inclusion of observational datasets for air-sea fluxes of heat, freshwater, momentum, and their implied watermass transformations (Sloyan VOLUME 34
d. Sloyan and Rintoul's inverse model
Comparison of (a) the circulation scheme from Sloyan and Rintoul (2001a) with (b) transports calculated at the same sections and with the same layers in OCCAM (all mass fluxes are in Sverdrups). and Rintoul 2000) . They concluded that the South Atlantic upper branch of the THC consisted mainly of intermediate water from Drake Passage. Like Ganachaud (2000) , they also used neutral surfaces to define layer boundaries. The lower interfaces of the thermocline and intermediate layer are ␥ n ϭ 26.8 kg m Ϫ3 and ␥ n ϭ 27.6 kg m Ϫ3 . Sloyan and Rintoul show a dominant thermocline layer transport in the South Atlantic both at 14ЊS and at 30Њ-45ЊS (Fig. 8) . The net northward transport increases northward in the South Atlantic, which indicates that a large source (6.2 Sv) for the upper branch of the THC is the upwelling of deep to intermediate water in the South Atlantic between 14Њ and 45ЊS. To sustain this flux, assuming again that z ഠ 0 at this depth (900-1300 m), a diapycnal diffusivity of 2.3 cm 2 s Ϫ1 would be needed for this area. When compared with observations (Ledwell et al. 1998) , this seems an unrealistic value for an isopycnal level in the interior ocean. Downwelling of intermediate water in the same area of the OCCAM model is not balanced by the diffusive flux and can be ascribed to drift (see section 5d). Sloyan and Rintoul (2001a) included enough light density layers to fully resolve the upper layers of the Agulhas Current. From the surface down to the ␥ n ϭ 26.5 isopycnal the inverse model shows a net inflow into the South Atlantic Ocean of 1.7 Sv. The OCCAM model shows a net inflow of 4.1 Sv. Both OCCAM and the inverse model show a net westward transport below the ␥ n ϭ 26.5 isopycnal. Although the net mass flux into the South Atlantic Ocean increases if lighter density levels are considered, the net transport of thermocline water still underestimates the Agulhas leakage into the South Atlantic by 150%. Almost all inverse model mass transports agree well to those of the OCCAM model within two standard deviations. However, the northward transport of intermediate water across the ''South Atlantic Ventilation Experiment'' (SAVE) leg 4, located between 30Њ and 45ЊS, is much larger in OCCAM than in the inverse model. This was also noted for Ganachaud's inverse model, and this discrepancy is therefore further discussed in section 5b. The section-integrated transports between Africa and Antarctica largely conceal the contribution of the Indian Ocean to the South Atlantic upper branch of the THC in OCCAM.
e. The analysis of Gordon et al. Gordon et al. (1992) estimated transports across the SAVE leg 4 section and determined the origins of these transports from CFM and salinity data. They concluded that most water in the South Atlantic upper branch of the THC consisted of water from the Indian Ocean. The South Atlantic partially converted thermocline water to intermediate water and transported mainly intermediate water to the North Atlantic. Gordon et al. defined the layers as a function of temperature: Thermocline water was defined as water warmer than 9ЊC and intermediate water colder than 9ЊC but shallower than 1500 dbar. Gordon et al. (1992) explicitly calculated mass fluxes at only one hydrographic section, while tracers were used to estimate the sources of the various water masses. Although Gordon et al. did not have explicit Lagrangian observations at their disposal, they combined their data to arrive at an almost Lagrangian circulation scheme. We therefore used a Lagrangian trajectory analysis to compare Gordon et al. (1992) with OCCAM. We backtraced both the northward flow at the Atlantic equator and the eastward flow at 20ЊE. As in Fig. 4c , we added the flow paths and mass fluxes of both runs, only now with the layers and sections from the study of Gordon et al.
Gordon et al. concluded that 60%-65% of the thermocline water in the Benguela Current originated from the Indian Ocean (Fig. 9) , slightly less than in OCCAM (12.3 Sv/16.9 Sv ϭ 73%), the other 35%-40% recirculates in the South Atlantic subtropical gyre. They showed that the input of Indian Ocean water decreased with depth. They estimated that 50% of the intermediate water comes from the Indian Ocean. OCCAM shows only a slight decrease of Indian Ocean water input with depth: 5.9 Sv (5.9/8.6 ϭ 69%) of the intermediate water comes from the Indian Ocean.
There is a large discrepancy in transport of intermediate water across the SAVE leg 4 between the study of Gordon et al. and OCCAM. Gordon et al. estimated that the Malvinas Current transports 8 Sv northward across 47ЊS, while this is more than 40 Sv for OCCAM. The discrepancy is due to the fact that Gordon et al. lantic (11.3 Sv) . This difference in watermass conversion (7.9 Sv) explains most of the difference in crossequatorial thermocline water transport (9.3 Sv).
Discussion
a. Discrepancy between section-integrated and Lagrangian estimates of the Agulhas leakage
In the previous section it is shown that the estimated leakage of thermocline water from the Indian Ocean to the South Atlantic Ocean from section-integrated transports at 0Њ underestimates the actual leakage of thermocline water from the Indian Ocean. The reason for this discrepancy is that part of the westward flow connects with the cross-equatorial flow in the Atlantic, while the eastward flow is partly derived from upwelled intermediate and thermocline water that originates from Drake Passage.
On the basis of the model results we have tried to devise a subbox in which the Agulhas leakage of thermocline waters could be better estimated. This estimate is possible if another hydrographic section would be carried out. We imagine a subbox defined by the WOCE A11 section and the section at 0Њ in Fig. 7 starting from Africa and add a zonal section along 37ЊS (see Fig. 10 ). The net westward flow at the eastern section of this subbox in the annually averaged dataset above 0 ϭ VOLUME 34 32.16 is 13.2 Sv; farther south the flow is eastward. The standard deviation of the leakage is 3.2 Sv. This is very close to the total Agulhas leakage of thermocline water estimated at 11.9 Sv in the Lagrangian calculation. This 11.9 Sv consists of both water that recirculates in the South Atlantic subtropical gyre and then flows back into the Indian Ocean and water that is transported toward the North Atlantic (see Fig. 3 ). The net westward transport of thermocline water, however, is very sensitive to the southern latitude of the subbox, as can be seen in Fig. 2 . At the western section of this subbox the flux of thermocline water shows a much larger standard deviation of 16.2 Sv on a total amount of 12.3 Sv. This suggests that an inverse model with a one-time hydrographic section would be unable to quantify the flow across this section. To obtain a robust estimate the hydrographic survey should be carried out several times.
b. Discrepancies at the WOCE A11 and SAVE leg 4 sections
There is a large discrepancy (approximately 12 Sv, or 5 times the standard deviation) between the box model calculations in OCCAM and the inverse model calculations of the northward transport of intermediate water across SAVE leg 4 and WOCE A11 (Macdonald 1998; Ganachaud 2000; Gordon et al. 1992) . The strong northward transport of intermediate water across these sections in OCCAM is due to intermediate water coming from Drake Passage. This water transforms to thermocline water within the South Atlantic north of the SAVE leg 4 and WOCE A11 sections and crosses the same section in the opposite direction as thermocline water. The sections cross two regions of high eddy activity: the Benguela and confluence regions. These regions cause enhanced variability in intermediate water transport. Both effects could influence the estimates of northward flow of intermediate water across these sections.
The net surface heat flux (NCEP reanalysis) shows a strong heating of the waters in the Malvinas Current. If the intermediate water surfaces, it is transformed into lighter water masses there. The average position of the intermediate water outcrop in OCCAM is biased to the north (not shown). Because of this bias, the transformation of intermediate to thermocline water is located farther northward in the OCCAM model than in the observations. This transformation itself has a strong seasonality. The pathway between its formation site and the point where the newly formed thermocline water crosses the WOCE A11 and SAVE leg 4 sections, however, is so long that a clear seasonality in the net fluxes across these sections has disappeared. In the observations the outcrop occurs only 4 months per year to the north of these sections and the path for the southward flowing thermocline flow to cross these sections is much shorter. It is expected that the observations would show a stronger seasonality in the net fluxes across the two sections. Both hydrographic surveys were taken in austral summer, just after the period when the transformation of intermediate to thermocline water occurs to the north of these sections. As a result the net northward flow of intermediate water at these sections may be underestimated in the inverse models, while it is probably overestimated in OCCAM. The total amount of upwelled intermediate water involved can explain roughly 6 Sv or one-half of the difference between OC-CAM and the inverse models (see Fig. 9b ).
The Benguela and Brazil-Malvinas Confluence are both regions of high eddy activity. Both the SAVE leg 4 and WOCE A11 cross these two regions. The mass flux of intermediate water has a baroclinic variability of 2.5 Sv in OCCAM. If we assume that the mass fluxes estimated from a one-time hydrographic section will deviate on average one standard deviation, the variability could account for 20%-25% of the discrepancy.
Although we are not able to fully explain the discrepancies between the inverse models and OCCAM, a different representation of the water mass transformations in the confluence area in OCCAM and the inverse models and the large baroclinic variability of the transports across these sections are probably the most important factors. The large discrepancy suggests that inverse models could do better avoiding these regions of high eddy activity and large water mass transformations. To obtain a better estimate of the net fluxes across sections in this region, more time sampling is needed, with at least one survey during austral spring.
c. Bolus transport
In the calculation of Lagrangian trajectories we used the datasets with the bolus transport, while for the comparison to other studies we used the datasets without the bolus term. The bolus term is most important in the upper layers. As already noted, the bolus transport is merely a vertical redistribution of the horizontal fluxes. The vertical fluxes are calculated from the continuity equation and are therefore directly linked to the divergence of the horizontal fluxes. As a result, the vertical transport is strongly influenced by the bolus term. Since the bolus effect is integrated along the path of the trajectory, its water mass transformation is very sensitive to the bolus term, even at locations without a large bolus effect (Drijfhout et al. 2003) . The influence of the bolus effect on section-integrated transports is only important at sections with strong eddy activity.
The effect of bolus velocity on the trajectory analysis can be seen in Fig. 11 , showing the Lagrangian transport for the thermocline and intermediate water toward the North Atlantic across the sections denoted in the figure.
The bolus term has a large impact on the watermass transformation of the Lagrangian trajectories, especially in the Southern Ocean. Watermass transformations are overestimated by roughly a factor of 2 if the bolus term is omitted.
The impact of the bolus effect on the section-integrated transports is also calculated but is not shown. The bolus term induces corrections typically on the order of 10% at most sections. Larger effects are found in regions of strong eddy activity. In the Agulhas region the westward flow of thermocline water into the South Atlantic increases from 2.9 to 4.5 Sv (ϩ55%). The upwelling of deep water in the Southern Ocean decreases from 6.0 to 3.5 Sv (Ϫ40%) if the bolus term is included.
d. Drift
As mentioned in the introduction, OCCAM is not in an equilibrium state. The model drifts away from the initial climatology, especially in the deeper layers (Lee et al. 2001) . More NADW leaves the South Atlantic at 35ЊS than enters at the Atlantic equator because NADW formation decreases with time. The consequence of drift for this study is that there is an apparent formation of NADW in the South Atlantic Ocean. The drift has primarily an impact on the section-integrated fluxes used for the comparison to the various inverse model studies. In the Lagrangian analysis in OCCAM the drift hardly plays a role since only the particles are included that leave the South Atlantic as thermocline or intermediate water. Those particles that have transformed into deep water are not considered.
While at 35ЊS 18.4 Sv of thermocline and intermediate water enters the South Atlantic, only 13.8 Sv leaves the South Atlantic at the equator. The evaporation loss is negligible. The apparent formation of deep water is 4.6 Sv. The deep layer does not surface between the equator and 35ЊS. This downwelling is not balanced by a diffusive flux in OCCAM and is associated with drift.
The impact of drift on the various mass transports presented in the former section is twofold. First, all time series of the mass transports may show long term trends and could be biased. We estimated the significance of long-term trends in the time series of horizontal mass fluxes at different locations in the South Atlantic Ocean. With linear regression analysis we calculated the linear trend of the time series. To estimate the significance of the trends, we first determined the decorrelation time scales of the different time series. These are generally around 100 days. The decorrelation time scale determines the degrees of freedom, needed to calculate the significance of the trend. We found that none of the time series showed a statistically significant trend above the 90% confidence level. The drift in the mass fluxes as determined from linear regression analysis and its significance has been tabulated in Table 1 . We concluded that the time series of the horizontal mass fluxes show no significant effect of drift in the model. Second, an imbalance may arise between the transports of a certain water mass across a section and the amount of upstream formation of that water mass. To To estimate the impact on the section-integrated transport estimates in OCCAM of this watermass transformation, we calculated the Lagrangian trajectories that are converted to deep water. The associated horizontal fluxes at the different hydrographic sections are then subtracted from the section-integrated Eulerian fluxes. It appears that the general characteristics are unchanged. There is still a decrease of intermediate flow between Drake Passage and 0Њ, and at SAVE leg 4 the northward flow of intermediate water is still dominant.
Conclusions
The exchange of water masses between the Pacific, Indian, and North Atlantic Oceans that occur in the South Atlantic have been investigated with a Lagrangian path following technique in OCCAM. OCCAM clearly shows that 90% of the upper branch of the THC is derived from the inflow of Indian Ocean water into the South Atlantic. The Agulhas leakage takes place in the upper 2000 m, but 95% of all the transport that contributes to the upper branch of the Atlantic THC is found in the upper kilometer below the surface mixed layer. The partition between thermocline and intermediate water depends slightly on the density variable used, although in none of the cases intermediate water played a dominant role. Apart from 1 Sv that flows to the equator, all of the water from Drake Passage leaves the Atlantic sector of the Southern Ocean, south of Africa. More than 5 Sv of intermediate water from Drake Passage upwells to thermocline water while it traverses the Atlantic sector of the Southern Ocean. This upwelling of intermediate water takes place at the Brazil-Malvinas Confluence and eastward along 45ЊS and is probably driven by air-sea interaction. These results are at odds with conclusions drawn from section-integrated mass fluxes from various inverse model studies, which show a dominance or significant influence of the cold water route.
However, the comparison of section-integrated mass fluxes across boxes from various inverse models and observational studies and OCCAM shows a reasonable agreement. In OCCAM the section-integrated mass fluxes suggest the dominance of the cold water route as well, while the Lagrangian calculation clearly shows that the upper branch of the THC follows the warm water route. The reason for this discrepancy is that to the south of Africa the net mass flux consists of opposing, and in the thermocline layer nearly compensating, east-and westward flows. The westward thermocline flow connects with the cross-equatorial flow in the Atlantic. The eastward flow is mostly derived from upwelled intermediate and thermocline water that originates from Drake Passage. There is no indication that drift significantly corrupts the section-integrated transports in OCCAM. In general, the implied water mass conversions needed to close the budgets are smaller in OCCAM than in the various inverse models. Because of the high baroclinic variability, area-averaged diapycnal diffusivities cannot be estimated from inverse models using one-time hydrographic sections only.
There is a contradiction between OCCAM and the inverse models concerning the northward flow of intermediate water across the hydrographic surveys WOCE A11 and SAVE leg 4. OCCAM shows here a strong northward flow of intermediate water, while the inverse models show almost no flow of intermediate water. In OCCAM the net northward flow of intermediate water has two sources. One source is the northward flow of intermediate water in the Malvinas Current, which is converted to thermocline water north of these sections before it flows back across these sections. The second source is the intermittent leakage of intermediate water from the Indian Ocean. The intermittent leakage is hard to represent in a hydrographic survey, while the watermass transformations in OCCAM are located northward of what is observed. As a result, the flow of intermediate water across these sections strongly differs.
The bolus term is important for the watermass transformation of the Lagrangian trajectories. In the Eulerian fluxes the bolus term induces corrections, which are typically in the order of 10%. Especially in the ACC, upwelling of deep water into the intermediate layer decreases by 40% if the bolus term is not taken into account. Also, recirculations are well accounted for in the Lagrangian analysis and hard to distinguish in the Eulerian analysis.
The contribution to the South Atlantic upper branch of the THC from the Indian Ocean is not well resolved by the section-integrated mass fluxes. OCCAM and one inverse model show a larger net inflow of thermocline water from the Indian Ocean if layers with lower densities are considered, although in OCCAM the flow to the Atlantic equator is still underestimated by 150% in Opposite currents across hydrographic sections are in principle separately resolved by inverse models. The transports of these separate currents, however, are mostly not, or only marginally, significant because of baroclinic variability and therefore hamper the determination of sources and destinations of water within these currents. This could prevent the determination of pathways within the World Ocean from inverse-model results.
